Experimental
of the water was adjusted to maintain a constant discharge voltage of 1.3 kV. The reaction was paused and the solution stirred every 10 minutes. The reactions were carried out for 30 minutes in total to give a yield of 1 mg/mL of N-CQDs in water.
Fabrication of solar cells:
Substrates from VisionTek Systems Ltd. were 38 mm in length, 13 mm in width and had a thickness of 0.7 mm. They were fabricated using OLED-quality polished glass and included a patterned strip of indium-doped tin oxide (15 Ω/sq, 150 nm thick, and 2 mm wide) running lengthwise down the middle of the substrate. Before fabrication of devices, substrates were cleaned by successive sonication in propan-2-ol (IPA), immersion in boiling acetone, sonication in fresh IPA, and sonication in DI water for 10 minutes each and finally dried with a nitrogen gun.
A compact TiO 2 hole blocking layer was formed using a sol-gel method. Briefly, titanium isopropoxide (1.56 mL) was added to a clean beaker containing triethanolamine (0.394 g) and ethanol (18 mL). The mixture was stirred on a hotplate at 40 °C for 2 hours. The solution was then left to rest at room temperature overnight. About 100 μL of this solution was then spuncast onto the pre-patterned ITO coated substrates at 4000 revolutions per minute (RPM) for 30 s. The substrate was heated on a hotplate at 100 °C for 30 min and then in an oven at 350 °C overnight to promote crystallization of the film. This process formed a 40 nm compact layer of anatase TiO 2 .
Subsequently, N-CQDs were deposited by spray coating using an atomizer (Sonozap Ultra Sonic Atomizer) operating at a power of 5 W. 5 mL of an N-CQD solution was loaded into a syringe, connected to a pump and flowed through the atomizer at a rate of 0.15 mL/min. The atomizer tip was 8 cm away from the substrate. The substrate was continuously heated on a hotplate at 170 °C throughout deposition and left to dry for 10 minutes after deposition. Gold contacts were deposited orthogonal to the indium-doped tin oxide (ITO) strip, using plasma assisted magnetron sputtering. The plasma was produced at 317 V and 0.15 A. Deposition was carried out for 50 minutes to give a gold film with a thickness of ca. 340 nm. The active area of each cell was 4 mm 2 .
Characterization:
Transmission electron microscopy images and selective area electron diffraction patterns were acquired using a high resolution JEOL JEM-2100F field emission electron microscope, and Gatan DualVision 600 Charge-Coupled Device (CCD), operating at an accelerating voltage of 200 keV. TEM samples were prepared by depositing a 40 μL aliquot of the QD dispersion onto a holey carbon-coated copper grid (300 mesh, #S147-3, Agar Scientific), which was allowed to evaporate under ambient conditions. Data for size distribution histograms was acquired by analysis of TEM images of exactly 200 QDs located at different regions of the grid. QD diameter was determined by manual inspection of the digital images.
X-ray diffraction measurements were performed on a Bruker AXS D8Discover instrument using monochromatic Cu Kα X-ray radiation at an accelerating voltage of 40 kV and current of 40 mA. Scans were performed in 0.02 increments and at a scan speed of 20 s per step to give a total acquisition time of 20 hours. Samples were prepared by spray coating colloids with the atomizer on glass substrates. X-ray photoelectron spectroscopy measurements were carried out using a Kratos Axis Ultra DLD photoelectron spectrometer at ≈ 10 -9 mbar base pressure. The narrow scan spectra were obtained under high vacuum conditions using a monochromatic Al Kα X-ray radiation at 15 kV and 10 mA with an analyzer pass energy of 20 eV. The N-CQD dispersion was deposited using the atomizer on either plane glass or ITO coated glass substrates. All spectra were acquired at room temperature and binding energies were referenced to the C 1s line at 285 eV. All spectra were corrected using a linear background fitting.
Ultraviolet photoelectron spectroscopy was carried out with a Kratos Axis Ultra DLD spectrometer and measurements were performed at < 2 × 10 -8 mbar base pressure with He 1 α Fourier transform infrared spectra were recorded on a Thermo Scientific Nicolet iS5 spectrometer equipped with an iD5 attenuated total reflection (ATR) accessory. Spectra were recorded on colloids that were spray coated using the atomizer onto glass substrates. Spectra were recorded with a resolution of 2 cm -1 and 32 scans were averaged. Ambient photoemission spectroscopy (APS) was carried out with a similar instrument with a module containing a high intensity deuterium source coupled with a motorized grating monochromator. The sample is illuminated with a 4-5 mm diameter light spot derived from the tuneable monochromated D2 lamp. Nitrogen gas is used to suppress the production of ozone in the DUV spectrometer and the energy range of incident photons is typically 3-7 eV. The raw photoemission data are corrected for detector offset; intensity normalized, then processed by either a square or cube root power law.
UV-Vis absorption spectra were recorded using a PerkinElmer Lambda 650 S spectrophotometer equipped with a 150 mm integrating sphere. Photoluminescence spectra were recorded using an Agilent Cary Eclipse spectrophotometer. Spectra for both UV-Vis and PL were recorded at room temperature using quartz cuvettes (1 cm) and corrected for the solvent absorption or emission. Data for the Tauc plots were acquired as follows. The transmission ( ) of the colloidal samples was obtained in the normal way in the sampling compartment in front of the integrating sphere. This does not account for scattering or reflectance of the sample. The transmission of the samples was also attained inside the integrating sphere ( ). This considers sample reflectance and scattering ( ). The absorption coefficient ( ) was then + + determined using the following formula:
Where is the transmission taken inside the integrating sphere ( ), is the path
length (spectra were recorded on colloids in a 1 cm cuvette), and is the transmission taken in the normal fashion in the front compartment which neglects reflection and scattering. ℎ
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was plotted as a function of energy, and the bandgap determined from the intersection with the x-axis of a linear fit to the data.
For absolute quantum yield measurements, an integration sphere attached to a Horiba Jobin Yvon fluoromax-4 spectrometer was used to collect the PL of the N-CQD film. For excitation, a Xe lamp with a double monochromator was used, and the PL was detected by a chargecoupled detector (CCD) mounted on a spectrograph via coupled ultraviolet-grade optical fiber.
The excitation wavelength was selected through the monochromator. The emission spectra from the sample (N-CQDs on quartz) and the reference (quartz only) were measured, and the number of emitted photons was then calculated from spectral integration. The number of absorbed photons was calculated using reduction of the excitation spectrum and comparing the sample and reference. The absolute QY is obtained as the ratio of the number of emitted photons to the number of absorbed photons. Measurements were carried out with an excitation wavelength of 420 nm (3 eV), performed in triplicates, and the average value was reported.
Electrical characterization of the solar cell devices was performed using a Keithley 2400
SourceMeter and running Tracer 2 software. Cells were 0.04 cm 2 in size and illuminated at 1 sun, AM 1.5 (1000 W/cm 2 ) with a LOT QuantumDesign solar simulator light source. The J-V characteristics of the solar cells were evaluated at room temperature in air. In all cases, the irradiance was calibrated using a standard 4 cm 2 Si solar cell.
Results and discussion Solutions with a fixed amount of water and CA, but varying amounts of EDA were treated with the microplasma. When no EDA was present, only a very minor color change was observed from colorless to a very pale straw yellow color, Fig. ESI2 (a) . When 139 μL EDA (1:0.5 molar ratio of COOH:NH 2 ) was added to the initial solution and then treated with the microplasma, the color changed to a darker yellow (see Fig. ESI2 (b) ). This indicated that the addition of EDA drastically improved the final amount of N-CQDs produced. As the amount of EDA added was further increased, different colored final solutions were obtained. 278 μL EDA (1:1 ratio COOH:NH 2 ) produced an orange color, 556 μL EDA (1:2 ratio COOH:NH 2 ) produced a dark brown color while 834 μL EDA (1:3 ratio COOH:NH 2 ) gave a less intense brownish-red color, see Fig. ESI2 (c-e). A 1:2 ratio of COOH:NH 2 (556 μL EDA) gave the darkest color suggesting that these reaction conditions produced the greatest amount of N-CQDs, whereas increasing the ratio further to 1:3 COOH:NH 2 gave a less intense color indicating that too much EDA in the initial solution actually inhibits the reaction. Moreover, processing a solution with only EDA present ( Fig. ESI2 (f) ) gave no observable color change, implying that citric acid is necessary for the formation of the N-CQDs.
The reaction could also be carried out in different solvent mixtures. Water was mixed with the same amount of ethanol, propan-2-ol or acetone. The precursors were then added and the mixtures treated with the microplasma. As seen in Fig. ESI3 (a-d) the optical transition. The absorption coefficient ( ) can then be expressed as:
Where is a constant, is the energy of photons, and is band gap. From [1] , we then have:
Therefore, if we plot vs. , a discontinuity can be observed where , i.e. at
the bandgap value. Using the data shown in Fig. 4 , the differential of is taken with respect ℎ to and is plotted against , see Fig. ESI9 (a) . 
for . 5x2.16 in; single column, 600 dpi = 2.57
As can be seen, the discontinuity occurs at 2.57 eV, in close agreement with the bandgap determined from the Tauc plot (Fig. 4(b) ). Furthermore, we can confirm the transition nature by determining the value of with the following relation:
[3]
Plotting against and taking the gradient of the line, as seen in Fig. ESI9 (b) ,
gives a value of which is sufficiently close to 2; the expected value for an indirect = 2.04 transition. 
